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population	 genetic	 and	 riverscape	 genetic	 analyses	 and	 simulations	 to	 explore	 the	
consequences	of	extensive	habitat	loss	and	fragmentation	on	population	genetic	di-
versity	and	future	population	trajectories	of	an	endangered	Australian	freshwater	fish,	






inaction,	 smaller	 populations	 of	 Macquarie	 perch	 will	 face	 inbreeding	 depression	









2003;	Willi,	Van	 Buskirk,	 &	 Hoffmann,	 2006).	 Through	 reduction	 or	
cessation	of	gene	flow,	habitat	fragmentation	reduces	species	ranges	
to	small	populations	at	high	extinction	risk,	contributed	to	by	environ-
mental,	demographic	and	genetic	 factors	 (e.g.	 inbreeding	depression,	








assisted	 by	 information	 about	 the	 distribution	 of	 genetic	 variation	
across	landscapes	(Hoffmann	et	al.,	2015).	Spatial	patterns	of	genetic	
















quences	 (Keller	 &	Waller,	 2002;	 Saccheri	 et	al.,	 1998;	Woodworth,	
Montgomery,	 Briscoe,	 &	 Frankham,	 2002),	 reflecting	 cultural	 rather	
than	evidence-	based	decisions	concerning	genetic	management	(Love	
Stowell,	Pinzone,	&	Martin,	2017).	Obtaining	data	on	population	fit-
ness	 is	 challenging	 and	 expensive	 and	 may	 take	 years.	 Postponing	
decision-	making	until	such	data	are	available,	or	disregarding	genetic	
problems	completely,	is	likely	to	result	in	managing	small	populations	
to	 extinction	 (Frankham	 et	al.,	 in	 press;	 Love	 Stowell	 et	al.,	 2017;	
Weeks,	 Stoklosa,	&	Hoffmann,	 2016).	 Instead,	 the	 augmentation	 of	

















gene	 flow	between	divergent	 populations	may	 “swamp”	 local	 adap-
tation	 and	 distinctiveness,	 or	 contribute	 to	 outbreeding	 depression	
(Frankham	 et	al.,	 2011;	 Le	 Cam,	 Perrier,	 Besnard,	 Bernatchez,	 &	
within	a	few	decades,	but	regular	small-	scale	translocations	will	rapidly	rescue	popula-
tions	from	inbreeding	depression	and	increase	adaptive	potential	through	genetic	res-
toration.	 Despite	 the	 lack	 of	 data	 on	 fitness	 loss,	 based	 on	 our	 genetic	 data	 for	
Macquarie	perch	populations,	simulations	and	empirical	results	from	other	systems,	we	
recommend	 regular	 and	 frequent	 translocations	 among	 remnant	 populations	within	
catchments.	These	translocations	will	emulate	the	effect	of	historical	gene	flow	and	
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and	 gene	 flow	might	 be	 harmful:	 some	 differentiation	 is	 inevitable	
under	restricted	dispersal,	particularly	among	small	populations,	and	
is	often	caused	by	recent	human	impacts	(Cole	et	al.,	2016;	Coleman,	
Weeks,	 &	 Hoffmann,	 2013;	 Faulks,	 Gilligan,	 &	 Beheregaray,	 2011).	
Even	where	genetic	differentiation	is	associated	with	adaptive	diver-
gence,	 locally	 adapted	 traits	 can	 still	 be	maintained	 in	 a	 population	




and	 any	 risks	 of	 outbreeding	 depression	 must	 be	 weighed	 against	














1. Effective	 population	 size	 (Ne)	 ≥100	 is	 required	 to	 prevent	 in-
breeding	 depression	 in	 the	 short-term	 and	 limit	 loss	 of	 fitness	
to	 ≤10%	 over	 5	 generations.	 A	 much	 larger	 global	 effective	
population	 size,	 Ne	≥	1,000,	 is	 required	 to	 retain	 adaptive	 po-
tential,	 by	maintaining	 an	 equilibrium	 between	 the	 accumulation	
of	 genetic	 variation	 for	 a	 selectively	 neutral	 trait	 by	 mutation,	
and	 the	 loss	 variation	 by	 random	 genetic	 drift	 (Frankham,	
Bradshaw,	 &	 Brook,	 2014).	 Based	 on	 a	 combination	 of	 theory	
and	 empirical	 evidence,	 the	 numbers	 from	 previously	 proposed	
50/500	 rule	 (Franklin,	 1980)	 were	 found	 to	 be	 insufficient	 to	
prevent	 inbreeding	 depression/avoid	 loss	 of	 genetic	 variation	
for	 fitness	 (Frankham	 et	al.,	 2014).
2. Any	population	only	recently	diverged	from	a	genetically	depleted	
one	can	be	used	as	a	source,	but	the	magnitude	of	genetic	rescue	is	







potential;	 ongoing	 monitoring	 within	 an	 adaptive	 management	
framework	(i.e.	iterative	process	of	decision-making	based	on	mon-
itoring	of	outcomes)	 is	 recommended	to	avoid	genetic	swamping	






perch	was	widespread,	 occurring	 in	 the	 inland	Murray–Darling	 Basin	
(MDB),	and	across	three	coastal	drainage	basins,	Hawkesbury–Nepean	
(HNB),	Shoalhaven	and	Georges	(Figure	1).	Although	distinct	taxa	within	
Macquaria australasica	 are	 not	 formally	 recognized,	 morphological,	 al-
lozyme	and	DNA	data	all	 indicate	that	the	inland	and	coastal	forms	of	
Macquarie	 perch	 diverged	 in	 the	 Pleistocene	 and	 probably	 represent	
different	species	 (Dufty,	1986;	Faulks,	Gilligan,	&	Beheregaray,	2010a,	
2015;	Faulks	et	al.,	2011;	Knight	&	Bruce,	2010;	Lintermans	&	Ebner,	























populations,	 augment	 threatened	 ones	 and	 support	 recreational	
fisheries	 (Ho	&	 Ingram,	 2012;	 Lintermans,	 2012;	 Lintermans,	 Lyon,	
Hammer,	Ellis,	&	Ebner,	2015).	Despite	 substantial	 financial	 invest-
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between	 remnant	 habitat	 patches.	 As	 others	 have	 stated	 (Love	
Stowell	 et	al.,	 2017;	Whiteley	et	al.,	 2015),	we	argue	 that	 although	
the	main	reasons	for	population	decline	(e.g.	habitat	availability	and	
degradation)	 should	 be	 addressed	 by	 conservation	 management,	
boosting	genetic	diversity	through	assisted	gene	flow	might	be	nec-
essary	 to	 improve	population	 fitness	and/or	adaptive	potential	 and	






















ulation	 history,	 key	 divergence	 times,	 population	 genetic	 diversity	
and	differentiation,	and	population	structure	at	basin-	and	catchment	









MDB	 species	 that	 have	 experienced	 recent	 population	 extinctions,	
for	example	 trout	cod	Maccullochella macquariensis,	 southern	pygmy	
perch	 Nannoperca australis	 and	 southern-	purple	 spotted	 gudgeon	
Mogurnda adspersa	(Hammer	et	al.,	2015;	Lintermans,	2007;	Trueman,	
2011);	hence,	the	workflow	here	could	be	readily	applicable	to	genetic	
management	 of	 other	 threatened	 species	 to	 improve	 their	 adaptive	
potential.
2  | MATERIALS AND METHODS
2.1 | Population sampling, tissue sampling and DNA 
extraction
Macquarie	 perch	 samples	 were	 collected	 predominantly	 between	
2002	and	2014	from	20	populations	(Figure	1,	Appendix	S2),	includ-




and	 a	 Shoalhaven	Basin	 population	 (a	 single	 known	 genetic	 sample	
from	Kangaroo	River).	 Individuals	were	captured	using	various	elec-






2.2 | Mitochondrial control region sequencing
Sequences	of	an	844-	bp	mitochondrial	DNA	fragment	 including	the	
complete	 control	 region	were	analysed	 for	339	 individuals	 from	17	
populations	 (Appendix	 S2	 Table	 S2A).	 For	 five	 samples,	 sequences	
were	 extracted	 from	 complete	 mitogenomes	 (GenBank	 accessions	
KR152235,	 KR152240,	 KR152241,	 KR152248	 and	 KR152253)	
(Pavlova	et	al.,	2017).	For	the	remaining	samples,	mtDNA	fragments	
were	amplified	and	sequenced	using	primers	A	(Lee,	Conroy,	Howell,	
&	 Kocher,	 1995)	 and	 Dmod	 (GCCCATCTTAACATCTTCAGTG)	






excluded,	 as	 well	 as	 a	 single	 Dartmouth	 individual	 that	 returned	 a	
F IGURE  1 Geographic	distribution	of	Macquarie	perch	samples	analysed	for	this	study	(top),	mitochondrial	control	region	haplotype	network	
showing	distribution	of	haplotypes	across	populations	(middle;	Shoalhaven	haplotype	not	included)	and	individual	memberships	in	two	or	12	















2.4 | Estimating population history and key 
divergence times
To	 evaluate	 the	 level	 of	 mitochondrial	 haplotype-sharing	 across	
populations,	 indicative	of	past	 gene	 flow,	 a	median-	joining	network	
(Bandelt,	Forster,	&	Roehl,	1999)	was	constructed	in	n etwLrk v4.6.1.0 
(www.fluxus-engineering.com).	 Times	 of	 divergence	 among	 major	
mitochondrial	 lineages	 were	 previously	 estimated	 from	 complete	
mitogenomes	 (Pavlova	 et	al.,	 2017;	 summarized	 in	 Appendix	 S1);	
however,	 some	 lineages	were	not	 represented.	Using	mitochondrial	
haplotypes,	we	estimated	the	times	of	lineage	divergence	with	B Pset 








being	 sampled	 between	 0.017	 and	 0.118	 substitutions	 per	 site	 per	
million	years).	Three	replicates	were	run	for	100	million	steps	sampling	
every	100,000;	 runs	were	 checked	 for	 convergence,	 combined	 and	
analysed	in	etrPc r	1.6.0	(Rambaut	&	Drummond,	2007)	after	discard-
ing	first	10%	of	samples	from	each	run	as	burn-	in.
2.5 | Genetic differentiation and tests for 
evolutionary timescale of divergence
PrV Quin	3.5	 (Excoffier	&	Lischer,	2010)	was	used	 to	calculate	pair-
wise	population	FST,	RST	(microsatellites)	and	ΦST	(mtDNA	sequences)	
between	 catchments.	 SPAGeDi	 ver	 1.5	 (Hardy	&	Vekemans,	 2002)	










als.	Twenty	 replicates	of	106	 burn-	in	 iterations	 followed	by	3	×	106 
iterations	were	 run	 for	each	K	 from	1	 to	16	 (the	maximum	was	set	
according	to	preliminary	runs	showing	no	meaningful	structure	above	
K	=	12)	using	the	admixture	model	with	correlated	allele	frequencies.	












six	 HNB	 populations	 (all	 except	 the	 introduced	 Cataract	 River	 and	
Cataract	Dam	samples)	was	 run	 for	Kmax	=	7	 to	 test	 for	presence	of	
structure	within	the	HNB.
2.7 | Analyses of genetic diversity, proxy for 
historical effective population sizes
For	mtDNA	sequencing	data,	PrV Quin	was	used	to	calculate	haplotype	
diversity	(Hd),	nucleotide	diversity	(π),	the	number	of	segregating	sites	
(S)	as	well	as	Tajima’s	D	 (Tajima,	1996)	and	Fu’s	Fs	 (Fu,	1997)	 tests	
for	selective	neutrality	or	population	size	changes.	For	microsatellite	
data,	PrV Quin	 was	 used	 to	 calculate	 expected	 heterozygosity	 (He);	
g nPV x	 (Peakall	 and	 Smouse	 2006),	 the	 number	 of	 private	 alleles	
(alleles	 restricted	 to	 a	 single	 location);	 and	 FsetPet	 (Goudet,	 2001),	
allelic	 richness	 (AR)	standardized	to	 the	minimum	sample	size	of	14	
individuals.	He	 and	AR	 reflect	 coalescent	 effective	population	 sizes	
(Ne)	under	mutation–drift	equilibrium	and	may	not	 reliably	estimate	
contemporary	Ne	 associated	with	 inbreeding	 and	 the	 probability	 of	
population	persistence	(Hare	et	al.,	2011).
2.8 | Analyses of contemporary effective 
population sizes
We	 estimated	Ne	 using	 two	 single-	sample	methods,	 both	 of	which	
assume	 that	 population	 size	 is	 stable	 over	 a	 few	 generations.	 First,	
we	 used	 the	 approximate	 Bayesian	 computation	method	 based	 on	
eight	summary	statistics	(including	linkage	disequilibrium,	LD)	imple-
mented in Ln sPm﻿	 (Tallmon,	 Koyuk,	 Luikart,	 &	 Beaumont,	 2008);	
50,000	populations	were	simulated	using	a	prior	Ne	range	of	4–1,000	
individuals.	Ln sPm﻿	 was	 also	 run	with	 a	 prior	Ne	 range	 of	 4–500,	






species,	 an	LD-	based	estimate	of	Ne	 reflects	 the	harmonic	mean	of	
the	effective	number	of	breeders	in	one	reproductive	cycle	(Nb)	and	
effective	 size	per	 generation	 (Ne),	 but	when	estimated	 from	mixed-	
age	 sample,	 it	 approximates	 effective	 size	 per	 generation,	 albeit	
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consistently	 downwardly	 biased	 (50–90%	 of	 true	 Ne,	 least	 biased	
when	 the	 number	 of	 cohorts	 in	 a	 sample	 is	 close	 to	 the	 length	 of	
the	generation	 time)	 (Waples,	Antao,	&	Luikart,	 2014).	Whereas	Nb 
reflects	short-	term	effective	population	size	relevant	to	inbreeding,	Ne 
is	responsible	for	shaping	long-	term	evolutionary	processes	(Waples	
et	al.,	2014);	 thus,	both	would	be	 required	 for	evaluating	 two	parts	
of	 the	100/1,000	Ne	 threshold	 (Frankham	et	al.,	2014).	Using	simu-
lations,	Waples,	 Luikart,	 Faulkner,	 and	 Tallmon	 (2013)	 showed	 that	
the	 Nb/Ne	 ratio	 can	 be	 approximated	 using	 two	 life-	history	 traits.	
According	 to	 their	 formulae,	 for	 Macquarie	 perch	 Nb/Ne = 1.156 
(assuming	age	at	maturity	of	3	years	and	adult	 life	span	of	23	years	
(Appleford,	Anderson,	&	Gooley,	1998;	Lintermans	&	Ebner,	2010));	
thus,	 an	 LD-	based	 estimate	 of	 Ne	 should	 reasonably	 approximate	
both	Nb and Ne,	 provided	 that	 other	 biases	 can	 be	 accounted	 for.	
Macquarie	perch	samples	including	≥7	cohorts	would	be	least	biased,	
assuming	 a	 generation	 time	 of	 7	years	 (calculated	 in	 ALret x	 (Lacy,	
Miller,	&	Traylor-	Holzer,	2015),	below).	According	to	the	range	of	indi-
vidual	fish	lengths	in	each	population	(Supporting	Information)	and	the	









2.9 | Identifying environmental variables associated 
with individual- based genetic diversity
We	used	an	individual-	based	Bayesian	modelling	approach	to	identify	
environmental	 variables	 that	 were	 correlated	 with	 spatial	 distribu-
tion	of	genetic	variation	(Harrisson,	Yen,	et	al.,	2016).	The	model	was	




for	each	 individual	using	 the	Rhh	package	 (Alho,	Valimaki,	&	Merilä,	
2010)	 in	 R	 3.2.0	 (R	 Development	 Core	 Team	 2014).	 HL	 measures	
the	proportion	of	homozygous	loci	per	individual,	attributing	greater	
weight	 to	 homozygosity	 at	 more	 variable	 loci	 (Aparicio,	 Ortego,	 &	
Cordero,	 2006).	 Low	HL	 of	 an	 individual	 indicates	 low	 genetic	 sim-
ilarity	 of	 its	 parents,	 which	 is	 expected	 in	 populations	 with	 high	
genetic	diversity.	Using	an	individual-	based	measure	of	genetic	diver-
sity,	rather	than	a	population-	based	one	(such	as	AR),	enabled	us	to	
consider	 environmental	 variation	 within	 populations	 (Appendix	 S4)	
rather	than	population	averages,	which	should	resolve	environmental-	
genetic	associations	at	finer	spatial	scales.
Eleven	 environmental	 variables	 reflecting	 flow	 regime,	 con-
nectivity,	 habitat	 and	 climate,	 previously	 shown	 to	 be	 indicators	 of	
Macquarie	 perch	 presence	 and	 population	 health	 (Appendix	 S4),	
were	originally	considered	for	inclusion	in	the	model	as	predictors	of	
individual	genetic	diversity	 (Table	1).	All	but	one	were	 sourced	 from	
the	National	Environmental	Stream	Attributes	Database	v1.1.5	(http://
www.ga.gov.au/metadata-gateway/metadata/record/gcat_75066)	
(Geoscience	Australia	2012;	 Stein,	 2006)	 linked	via	 stream	 segment	
number	to	the	Geofabric	stream	network	layer	(Bureau	of	Meterology	
2012);	 the	data	on	mean	November	 temperature	were	downloaded	
from	 http://www.bom.gov.au.	 Environmental	 data	 were	 extracted	
using	ArcGIS	10.2	 (Environmental	Systems	Research	 Institute	1999-




record	per	 sampling	site).	Only	 seven	variables	 that	were	not	highly	
correlated	(Pearson’s	|r|<0.7)	were	included	in	the	final	model	(Table	1;	
Appendices	S4	and	S5).
We	 used	 a	 hierarchical	 Bayesian	 regression	 model	 to	 estimate	
the	relationships	between	HL	and	environmental	variables	(Appendix	
S5).	We	used	a	 reversible-	jump	Markov	chain	Monte	Carlo	 (MCMC)	
algorithm	 to	 perform	model	 selection.	 Basin	 and	 site	were	 included	






prior	 distributions.	 The	 primary	model	 outputs	 are	 estimates	 of	 the	
probability	of	inclusion	for	each	environmental	variable	and	the	fitted	
associations	between	HL	and	each	environmental	variable.	The	prior	

















2.10 | Simulating genetic rescue/genetic restoration of 









as	 probability	 of	 survival,	 time	 to	 extinction,	 population	 size,	 allelic	
diversity,	 heterozygosity	 and	 inbreeding	 (approximated	 as	 homozy-
gosity	 at	modelled	 loci).	Age-	specific	mortality	was	modelled	based	
on	Todd	and	Lintermans	 (2015)	 (details	 in	Appendix	S6).	 Inbreeding	




offspring	 with	 two	 copies	 of	 the	 same	 recessive	 alleles	 die	 before	
reproduction.	The	translocation	scenario	assumed	that	six	individuals	
(3	of	each	sex)	were	moved	from	larger	to	smaller	populations	each	
year	 for	50	years	 to	 approximate	 the	 impacts	of	 repeated,	modest-	
sized	translocations;	designing	the	most	cost-	effective	translocation	
programme	is	beyond	the	scope	of	this	paper.	All	translocated	adults	
were	 assumed	 to	 survive	 translocation.	 Genetic	 results	 were	 sum-
marized	for	1	mitochondrial	and	19	microsatellite	markers	simulated	
based	 on	 observed	 allele	 frequencies.	 The	 first	 pair	 of	 populations	




ulations	were	 run	 for	100	years	 for	each	scenario	using	parameters	














2017).	 In	 contrast,	 haplotype-sharing	 across	Murray	 River	 tributaries	
(Dartmouth,	Hollands,	Sevens,	Hughes,	King	Parrot)	 indicated	histori-
cal	connectivity	within	the	southern	MDB,	consistent	with	a	continuous	
































































Phylogenetic	 analysis	 in	B Pset	 (Appendix	 S8)	 showed	 estimates	
of	 lineage	 divergence	 times	 consistent	 with	 those	 from	 complete	
mitogenomes	 (Pavlova	 et	al.,	 2017):	 time	 to	 the	most	 recent	 com-
mon	ancestor	(TMRCA)	of	Shoalhaven	and	HNB+MDB	lineages	was	
estimated	 at	 1.061	 (95%	 HPD	 0.204–2.840)	 million	 years	 ago,	 of	



















analysis,	 which	 showed	 that	 evolution	 of	 microsatellite	 allele	 sizes	






3.2 | Assessing population genetic structure at 
basin- and catchment scales
For	 all	 19	MDB	 and	HNB	 populations	 (N = 870),	setrucetur 	 analysis	
assuming	K	=	2	 (Figure	1)	was	consistent	with	the	HNB-	MDB	diver-
gence	and	hybridization	of	translocated	MDB	fish	with	endemic	HNB	
fish	 in	 Cataract	 River	 (Faulks	 et	al.,	 2011).	 Our	 analysis	 of	 a	 large	
Cataract	River	sample	showed	that	individual	memberships	(Q)	in	the	
endemic	HNB	cluster	ranged	from	0.68	to	0.001	and	were	not	associ-
ated	with	mtDNA	 lineage,	 suggesting	 that	gene	 flow	 from	Cataract	
Dam	might	be	ongoing	and	that	hybridization	in	Cataract	River	is	not	
limited	to	the	first	generation	and	is	not	sex-	biased	(Appendix	S11).	
All	 other	 setrucetur 	 analyses	 supported	 predominantly	 geographic	
structure	and	at	least	partial	contemporary	genetic	isolation	of	popu-
lations	 within	 basins.	 Analysis	 of	 all	 individuals	 (N = 870)	 assuming	
K	=	12	yielded	geographically	meaningful	genetic	clusters	 (Figure	1),	
supported	 by	 separate	 analyses	 of	 12	 populations	 of	 MDB	 ori-
gin	 (N = 671)	 and	 6	 populations	 from	 the	 southern	MDB	 (N = 375).	
Analysis	of	six	HNB	populations	(all	except	Cataract	River	and	Cataract	
Dam; N = 134)	assigned	all	HNB	populations	to	different	genetic	clus-
ters,	except	a	single	individual	in	the	Little	River	had	Q	>	90%	in	the	
Kowmung	cluster,	suggesting	a	rare	long-	distance	dispersal	event	or	
undocumented	 translocation	 (details	of	all	analyses	are	 in	Appendix	
S11).	setrucetur 	analyses	did	not	support	the	previously	reported	two	
clusters	within	Dartmouth	and	Yarra	(Nguyen	et	al.,	2012).
3.3 | Analyses of genetic diversity and effective 
population sizes
Mitochondrial	 (Hd	and	π)	 and	nuclear	 (AR	and	He)	 genetic	diversity	
ranged	widely	across	populations	 in	both	basins	 (Figure	2;	Appendix	
S2).	 Generally,	 populations	 with	 low	 nuclear	 genetic	 diversity	
(Wollemi,	Whenny,	Glenbrook	in	the	HNB	and	Adjungbilly,	Cotter	and	
Murrumbidgee	 in	the	MDB)	also	had	 low	mtDNA	diversity	 (Wollemi	
was	not	sequenced	here,	but	had	low	Hd	and	π	in	the	study	of	Faulks	
et	al.,	2010a),	but	mtDNA	diversity	was	also	low	for	some	other	popu-














3.4 | Estimated relationships between individual 
genetic diversity and environmental variables
Approximately	66%	of	the	variation	in	HL	could	be	explained	by	envi-
ronmental	 and	 clustering	 variables	 (model	 r2	=	0.66).	 Environmental	











perature	 of	 the	 coldest	 month,	 had	 positive	 associations	 with	 HL	
(Table	1,	Figure	3).
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3.5 | Simulating genetic rescue/genetic restoration of 
small isolated Macquarie perch populations
For	do-	nothing	scenarios	run	over	100	years,	models	for	all	four	pop-
ulations	showed	overall	decrease	 in	survival	probability,	decrease	 in	
genetic	diversity	 and	 increase	 in	 inbreeding	 and	 inbreeding	depres-
sion	over	time	(Appendix	S6).	With	decreasing	initial	population	sizes	
(3,000,	500,	300	and	100	for	Dartmouth,	King	Parrot,	Cataract	Dam	
and	 Murrumbidgee,	 respectively)	 extinction	 probability	 increased,	
time	to	the	first	extinction	decreased,	inbreeding	depression	increased	
(i.e.	the	number	of	lethal	alleles	per	individual	at	year	100	decreased)	















number	 of	 lethal	 alleles	 per	 individual	 under	 50-years-of-transloca-











4.1 | The need for specieswide genetic management 
to prevent further loss of genetic diversity and boost 
adaptive potential
Using	 novel	 genetic	 data,	 we	 investigated	 whether	 genetic	
augmentation	 is	 likely	 to	 be	 beneficial	 and	 necessary	 for	 long-	term	




















































































































































rapid	and	 long-	lasting	 increase	 in	genetic	diversity	 (limited	only	by	
genetic	 diversity	 and	 divergence	 of	 the	 source(s))	 and	 decrease	 in	
inbreeding	and	probability	of	population	extinction.	Although	large	
source	populations	should	not	be	impacted	by	appropriately	limited	




Our ALret x	model	 has	 a	 number	of	 limitations:	 (i)	 offspring	 that	
do	not	survive	 to	 reproduction	were	not	modelled	 (due	 to	software	
limitation),	but,	given	extreme	fecundity	(up	to	110,000	eggs/female;	
Cadwallader	 &	 Rogan,	 1977),	 strong	 purifying	 selection	 acting	 on	
juveniles	 could	 purge	 deleterious	 mutations,	 reducing	 inbreeding	
depression;	(ii)	individuals	at	the	start	of	simulations	were	assumed	to	
be	unrelated,	which,	 if	 incorrect,	artificially	 increases	 the	 time	when	
inbreeding	 depression	 starts	 to	 impact	viability;	 (iii)	mutations	were	
not	 modelled,	 and	 thus,	 novel	 genetic	 diversity	was	 not	 accounted	
for;	(iv)	adaptive	capacity	was	not	addressed;	(v)	there	are	large	uncer-
tainties	 around	 environmental	 effects	 and	 population	 parameters,	










perch	 Nannoperca obscura	 (Ho	=	0.318;	 14	 loci,	 11.9	 alleles/locus;	
Brauer,	 Unmack,	 Hammer,	 Adams,	 &	 Beheregaray,	 2013),	 southern	
pygmy	perch	N. australis	 (Ho	=	0.47;	12	 loci,	10.3	alleles/locus;	Cole	
et	al.,	2016)	and	dwarf	galaxias	Galaxiella pusilla	(Ho	=	0.395;	11	loci,	
16.3	 alleles/locus;	 Coleman	 et	al.,	 2010),	 although	 estimates	 of	 Ho	
themselves	 might	 not	 be	 strictly	 comparable	when	 estimated	 from	
marker	 sets	 of	 different	 variability	 (Hedrick,	 1999).	 Nevertheless,	
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Although	 in	simulations	 inbreeding	depression	did	not	appear	to	
impact	the	largest	population	(initial	N = 3,000,	ALret x Ne	=	257)	for	at	
least	50	years	(~7	Macquarie	perch	generations),	it	started	to	impact	
three	smaller	populations	(initial	N ≤ 500,	ALret x Ne	<	100)	within	the	
first	10	years	(i.e.	<2	generations),	supporting	the	short-	term	inbreed-
ing	 threshold	Ne	 of	 100	 (Frankham	 et	al.,	 2014).	 Inbreeding	 can	 be	
approximated	 for	 a	 small	 population	 by	 scaling	 its	 genetic	 diversity	




If	 Dartmouth,	 one	 of	 the	 largest	 natural	 populations	 of	 Macquarie	
perch	 in	 the	MDB,	 is	 used	 as	 an	outbred	 reference,	 then	Fe	 coeffi-
cients	for	Wollemi,	Wheeny,	Glenbrook,	Adjungbilly,	Cotter	and	upper	
Murrumbidgee	 are	>0.45,	 and	 for	 Little	 is	 0.25	 (i.e.	 is	 as	 high	 as	Fe 
for	 the	 offspring	 of	 full	 siblings;	 Figure	2).	 At	 Fe	 of	 0.2,	 inbreeding	
depression	is	typically	observed	for	populations	of	naturally	outcross-
ing	species	(Frankham,	1995;	Szulkin	&	Sheldon,	2007;	Walling	et	al.,	












negative	 impacts	 on	 lifetime	 reproductive	 success	 at	 F even below 
0.1	(Huisman,	Kruuk,	Ellis,	Clutton-	Brock,	&	Pemberton,	2016).	Thus,	
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more	 than	one	effective	migrant	per	generation	may	be	 required	 to	
drop	Fe	values	sufficiently	(e.g.	below	0.1)	to	rescue	genetically	depau-
perate	 populations	 from	 strong	 inbreeding	 depression	 (Frankham	
et	al.,	in	press;	Weeks	et	al.,	2011).











which	 many	 populations	 ceased	 regular	 breeding.	 Because	 Ne and 
population	size	are	key	parameters	for	evaluating	existing	thresholds	
and	 predicting	 future	 population	 trajectories,	 here	 we	 used	 single-	
sample	Ne	estimates	corrected	for	biases,	along	with	Ne/N	ratios	from	














ulation	size	N	 could	be	~44.4×	 (6.27–82.6)	higher	 than	Ln sPm﻿ Ne 
estimate	(Appendix	S2).
Given	 that	 inbreeding	Ne	 is	 similar	 to	 variance	Ne	 for	 this	 spe-
cies	 (see	Section	2),	 comparisons	of	 the	 above	approximations	with	
100/1,000	minimum	Ne	thresholds	of	Frankham	et	al.	(2014)	suggest	
that	(i)	the	majority	of	populations	have	mean	Ne	<	600	(lower	bound	
of	Ne	<	100,	 upper	 bound	of	Ne	<	1,000),	 implying	 that	 genetic	 res-
toration	is	required	to	boost	population	adaptive	potential	and	avoid	
inbreeding	 depression	 within	 a	 few	 decades;	 (ii)	 Wollemi,	 Wheeny	
and	 Erskine	 have	 mean	 Ne	<	100,	 implying	 they	 might	 experience	
inbreeding	depression	within	a	 few	generations	even	 if	 they	do	not	
already;	(iii)	the	majority	of	populations	have	mean	sizes	<3,000	(lower	







ulations)	 and	were	 smaller	 than	Ln sPm﻿	 estimates,	 suggesting	 that	
for	small	populations	these	Ln sPm﻿-	based	approximations	could	be	










of	 unequal	 sex-	ratio,	 variance	 in	 family	 sizes	 and/or	 fluctuations	 in	
population	 size	over	generations),	different	methods	yield	estimates	






Macquarie	 perch	 populations	 (e.g.	 Yarra;	 Tonkin,	 unpublished	 data).	
Despite	much	uncertainty	 around	our	 approximations	of	 population	
sizes,	many	of	our	results	point	to	the	need	to	restore	genetic	diversity	
by	translocations	in	most	Macquarie	perch	populations.	Reconnection	





on Ne.	 When	 genomic	 data	 including	 those	 on	 physical	 linkage	 or	
genomic	position	of	genetic	markers	become	available	for	Macquarie	
perch,	 contemporary	 Ne	 and	 its	 recent	 change	 could	 be	 estimated	
from	contemporary	samples	(Hollenbeck	et	al.,	2016).
4.2 | Designing translocation strategies while 
considering risks of outbreeding depression and loss of 
local adaptation
Selecting	 appropriate	 sources	 of	 admixture	 requires	 simultaneous	
consideration	of	 the	 timescale	of	population	differentiation	and	 the	
risks	 of	 inbreeding	 versus	 outbreeding	 depression	 and	 loss	 of	 local	
adaptation	(Frankham	et	al.,	2011;	Love	Stowell	et	al.,	2017;	Weeks	
et	al.,	 2011,	 2016).	 Long-	term	divergence	 implies	 that	 reproductive	
isolation	 may	 have	 evolved	 through	 adaptive	 differentiation	 and/
or	 drift;	 hence,	 admixture	 between	 regions	 showing	 histories	 of	
long-	term	divergence	and/or	 local	adaptation	should	be	undertaken	
with	 caution	 (Frankham	 et	al.,	 2011).	 Long-	term	 divergence	 of	 the	
MDB	 and	 HNB	 Macquarie	 perch	 lineages	 (119–385	 KY;	 Pavlova	
et	al.,	 2017)	 in	 different	 environments	 (e.g.	 Appendix	 S4)	 might	




(approximated	 by	 allelic	 richness	 or	 haplotype	 diversity)	 or	 weaker	
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environmental	 pressures	 (Pavlova	 et	al.,	 2017).	 In	 accordance	 with	
mitochondrial	differentiation,	the	microsatellite	genotype	of	the	single	
individual	 from	 the	 Shoalhaven	 Basin	 population	 differed	markedly	
from	those	of	 the	HNB	and	MDB	 lineages	 (Appendices	S8	and	S9).	
The	fact	that	the	Shoalhaven	 individual	was	homozygous	at	90%	of	
loci	suggests	that	 loss	of	genetic	variation	and	 individual	 inbreeding	
accompanied	 extinction	 of	 the	 endemic	 Shoalhaven	 lineage.	 The	
widespread	and	not	sex-	limited	hybridization	beyond	first	generation	
of	 HNB	 and	 MDB	 lineages	 in	 lower	 Cataract	 River	 provides	 no	
evidence	 for	 outbreeding	 depression,	 but	 evidence	 for	 absence	 of	
genomic	incompatibilities	and	unimpeded	fitness	of	hybrids	is	lacking	
(Verhoeven,	 Macel,	 Wolfe,	 &	 Biere,	 2011).	 Separate	 management	
of	Macquarie	perch	 lineages	 from	different	basins,	which	 is	 current	
practice,	is	warranted	until	an	informed	risk–benefit	analysis	suggests	
otherwise	 (Frankham	et	al.,	2011).	Likewise,	 long-	term	 (58–191	KY;	
Pavlova	et	al.,	2017)	divergence	between	the	northern	(here:	Wollemi,	
Wheeny)	 and	 southern	HNB	populations	 (here:	 the	 remaining	HNB	












et	al.,	 2011);	 thus,	 little	 genetic	 rescue/restoration	 effect	would	 be	
expected	from	their	admixture	(Frankham,	2015).	However,	the	esti-


















In	 cases	 when	 it	 is	 unclear	 whether	 mitochondrial	 diver-
gence	 confers	 selective	 advantage	 on	 local	 mitogenomes	 (such	 as	
Adjungbilly,	 inferred	to	have	diverged	from	the	other	populations	of	
the	Murrumbidgee	catchment	~8–100	KY	ago),	genetic	rescue	could	












et	al.,	 2013;	Weeks	 et	al.,	 2016).	 In	 the	 HNB,	 extreme	 divergence	









Historical	 cross-	catchment	 connectivity	 is	 supported	 by	 the	 most	
common	 MDB	 haplotype	 (10	 on	 Figure	1)	 being	 shared	 between	
Murrumbidgee	 and	 Murray	 catchments.	 Current	 differentiation	
among	populations	within	the	Murrumbidgee	and	Murray	catchments	




translocations	 (e.g.	 from	 the	 Murray	 catchment	 to	 the	 Lachlan	 or	
Murrumbidgee	catchments)	would	benefit	from	further	modelling	and	
captive	breeding	experiments	measuring	relative	fitness	of	intercatch-







2015).	 Two	 translocated	 populations	 of	 Macquarie	 perch,	 Cataract	
Dam,	established	 from	the	Murrumbidgee	River	 in	1916	 (Legislative	
Assembly	of	New	South	Wales	1916)	and	the	Yarra,	sourced	between	
1907	 and	1943	 from	multiple	 southern	MDB	populations	 including	
King	Parrot	Creek,	Broken	River	and	 the	Goulburn	River	 (where	 the	






Finally,	 our	 simulations	 suggest	 that	 in	 cases	 when	 conditions	
of	a	remnant	population	are	unlikely	to	 improve	enough	to	facilitate	
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long-	term	sustainability	 (as	 in	creeks	 lacking	connectivity	with	more	
stable	river	systems,	and	with	insufficient	water	availability	under	cli-
mate	change	scenarios),	translocating	all	remaining	individuals	into	a	
more	 sustainable	 system	might	 be	more	 beneficial	 than	 attempting	
to	maintain	the	original	populations,	for	the	overall	chance	of	species	
survival	 and	 adaptive	 potential.	 Successful	 examples	 of	 fish	 rescue	





2009;	 only	 three	 individuals	 have	 been	detected	 in	 the	 reach	 since	
2011,	whereas	prior	 to	 the	drought	 this	 population	was	 considered	
stable	(Kearns,	unpublished	data).
4.3 | Environmental correlates of genetic diversity
Environmental	modelling	suggested	that	Macquarie	perch	were	more	
genetically	diverse	 (i.e.	had	 lower	HL)	 if	 they	were	 (i)	 further	down-
stream	from	a	barrier	(dam	wall,	spillway	or	large	dam)	or	had	larger	
flow-	path	 lengths	upstream,	 (ii)	 in	 a	 short-	to-	medium,	but	not	 long,	







Mitta	 River	 downstream	 of	 Dartmouth	 Dam	 in	 Victoria	 was	 extir-
pated	 following	 the	 dam’s	 construction,	 with	 cold-	water	 pollution	
the	most	 likely	 cause	 (Koehn,	Doeg,	Harrington,	&	Milledge,	1995).	
Alternatively,	 the	 correlation	 between	barrier-	free	 flow-	path	 length	
upstream	and	mean	annual	flow	(r	=	0.78,	Appendix	S5)	suggests	that	
larger	 streams	 (with	 higher	mean	 annual	 flow)	might	 be	 harbouring	
larger	populations,	for	example	by	providing	more	habitat	and/or	by	
being	more	resilient	to	droughts	or	other	disturbances.	Unfortunately,	
few	 reaches	 with	 these	 attributes	 remain,	 with	 the	 overwhelming	
majority	of	mid-	and	upland	reaches	of	large	rivers	where	the	species	
were	once	abundant	 (Trueman,	2011)	now	containing,	 or	 regulated	
heavily	by,	major	weirs	and	dams.	High	 levels	of	 correlation	among	
environmental	 variables	 make	 it	 challenging	 to	 identify	 underlying	
causal	drivers.
Our	 second	 result,	 that	 individuals	 are	 less	 diverse	 in	 very	 long	
connected	stream	fragments	(>1.5	standard	deviations	from	the	mean	
length;	 Figure	3),	 is	 counterintuitive,	 as	 one	 would	 expect	 longer	
barrier-	free	 paths	 to	 provide	more	 habitat.	The	 longest	 barrier-	free	
flow-	path	lengths	are	restricted	to	three	MDB	populations:	Adjungbilly,	
upper	Murrumbidgee	and	Sevens	 (Appendix	S4),	and	are	 largest	 (>2	
standard	deviations)	in	Adjungbilly	and	upper	Murrumbidgee,	the	two	
populations	 with	 low	 genetic	 diversity.	 Thus,	 a	 significant	 relation-
ship	 between	 barrier-	free	 flow-	path	 length	 with	 HL	 could	 be	 spu-
rious	 and	driven	by	population	 history	 or	 other	 correlated	variables	
(e.g.	 limited	access	to	suitable	spawning	sites	or	presence	of	natural	
barriers	that	subdivide	population	–	that	is,	waterfalls,	not	considered	





relates	of	 individual	 genetic	 diversity,	 the	data	were	 limited	 in	 their	
ability	 to	 distinguish	 whether	 environmental	 factors	 or	 population	
history	(genetic	drift/gene	flow/mutation)	are	the	main	determinants	
of	genetic	diversity,	mainly	because	the	species	is	limited	to	very	few	
small	 and	 isolated	 upstream	 reaches,	 without	 much	 environmental	
variation	across	sites	in	each	(Appendix	S4).
4.4 | Summary of management recommendations
We	found	that	most	Macquarie	perch	populations	are	associated	with	




















Genetic	 rescue/restoration	 is	 a	 powerful	 management	 tool	 for	
a	 number	of	 reasons:	 (i)	 it	 can	have	 a	 large	 and	 long-	lasting	 impact	
on	 genetic	 diversity	 and	 adaptive	 potential	 for	 relatively	 little	 addi-
tional	work	and	expense	(Frankham,	2015),	(ii)	it	does	not	necessarily	
require	 ongoing	 intervention,	 although	 if	 populations	 remain	 small,	
assisted	 gene	 flow	will	 need	 to	 be	 performed	 periodically	 (Hedrick,	
Peterson,	Vucetich,	Adams,	&	Vucetich,	2014),	 (iii)	 it	could	work	at	a	
range	 of	 scales	 from	 single	 species	 rescue	 (Hedrick	 &	 Fredrickson,	
2010)	 to	 landscape	 reconnections	 (Smith,	 van	 der	 Ree,	 &	 Rosell,	

















Even	 if	direct	evidence	of	genetic	problems	 (fitness	 loss)	 in	 spe-
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